Cell based microassays allow the screening of a multitude of culture conditions in parallel, which can be used for various applications from drug screening to fundamental cell biology research. Tubeless microfluidic devices based on passive pumping are a step towards accessible high throughput microassays, however they are vulnerable to evaporation. In addition to volume loss, evaporation can lead to the generation of small flows. Here, we focus on issues of convection and diffusion for cell culture in microchannels and particularly the transport of soluble factors secreted by cells. We find that even for humidity levels as high as 95%, convection in a passive pumping channel can significantly alter distributions of these factors and that appropriate system design can prevent convection.
Introduction
Increasing the density of cell experiments on a single device has been an area of active research. The promoting factors are the need for high throughput analysis for screening assays
1,2
and reducing the use of sample/reagents, which are particularly rare for specific biological applications. 3 Traditional methods lead the trend with multi-well plates (e.g. 96, 384 and 1536 well plates), 4 however further increase in density using micro 5 to picoliters 6,7 of fluid can also be achieved using microfluidics. The enhanced fluid handling capabilities allow precise control of dosing, staining and washing of the cells. 8 Additional features are enabled by microfluidics including the ability to tailor cell culture conditions. 9-11 Long lasting concentration gradients, 12,13 as well as spatial and temporal placement of cells and reagents,
14,15
enable new possibilities for cell interaction study.
Different approaches have been proposed to provide microfluidic assays for cell biology that allow running all experiments and controls in parallel. Microfluidic devices have been demonstrated on glass, PDMS or PMMA substrate that integrate a high number of cell culture chambers.
16, 17 These devices allow single cell and time lapse imaging through high magnification microscopy.
15,18
Another approach, in concept closer to traditional cell culture, as it shares most of the equipment and materials including micropipettes and polystyrene substrates, utilizes droplet dispensing for liquid handling. The culture environments exist as drops on a surface, 19, 20 or passive pumping can be used to flow the con- tent of droplet in a microchannel.
21,22
Both of these techniques present liquid-air interfaces that are susceptible to evaporation.
Two main effects occur as a consequence of evaporation. Volume loss, a well known problem quantified previously for droplet based assays, leads to variations of concentration and osmolarity in the liquid. 23 Another consequence of evaporation is the creation of appreciable flows.
24-27 Drops created by microdrop printing and electrowetting on dielectrics, with single air-liquid interfaces, present marangoni flows, causing mixing of the fluid.
28-31
In microchannels bulk flow is generated, which can rival or surpass in magnitude the transport of compounds via diffusion.
32
In the case of bare drops, the whole culture is encapsulated in a closed volume; therefore the accumulation of protein secreted by the cells is not prevented. Autocrine and paracrine signaling, occurring when a protein secreted in the fluid by a cell triggers a change in behavior of that cell or neighboring cells, is therefore not prevented. In channels, however, the flows can prevent accumulation of soluble factors and have impact on autocrine/paracrine effects.
33,34
This has direct significance to cell signaling. Consequently, we focus here on analyzing cell microculture conditions in the case of a passive pumping device and the relationship with the macroscopic environment in which the device is placed.
First, an analytical model is used to estimate the magnitude of the flow in a passive pumping device for various humidity levels. A modified Peclet number is deduced, which allows characterization of the relative importance of convection and diffusion. Experimental and numerical simulations verify these results.
Analysis of evaporation in passive pumping
A method for autonomous generation of flow in a microchannel, requiring no external actuation, has been developed for highthroughput cell assays. 22 It is based on the generation of a pressure differential created by surface tension. This is achieved in a simple channel that is open on both ends (Fig. 1) . 21 A large drop is placed on one end and creates lower pressure (due to the larger radius of curvature) than a small drop placed on the Fig. 1 Schematic of a passive pumping device. A. Flowing fluid in the channel is effectuated by adding a drop to the port opposing the large drop. The subsequent increase of pressure due to the small curvature of the added drop provokes its flow towards the large drop until curvatures match. This happens in seconds to minutes. B. During the storage of the channel, as evaporation occurs both at the large and small drop, a decrease in volume will provoke more decrease in curvature in the small drop, and thus an unbalance of pressure in its favor. A flow will be generated from the large to the small drop, thus ensuring constant wetting of the port.
other end. This generates flow through the channel from the small drop to the large drop to re-equilibrate pressure, until only a small spherical cap of the same curvature radius as the large drop remains. 35 Adding additional fluid to this bare port results in its flowing via passive pumping towards the larger drop. For the most common channels, this flow occurs rapidly and 5 lL typically disappears into the channel in 0.5 to 30 seconds.
After equilibration, evaporation occurs on the large drop and bare port at rates E 1 and E 2 , respectively ( Fig. 1 ). This results in fluid flow, Q, from the large drop to the bare port. 32 This flow is in the opposite direction to passive pumping flow used to fill the channel, and occurs over a much larger time scale. Most of the volume loss occurs at the large drop, as E 1 is much larger than E 2 . However the evaporation at the bare port drives the flow. Hence, the volume loss and flow rate are analyzed independently.
Volume loss in a droplet based assay has been characterized previously and a dimensionless evaporation number, Ev, was determined to evaluate the magnitude of evaporation. 23 Overall, in terms of amount of evaporation, the passive pumping assay behaves as an assay containing only the large drops of each channel, which can be used to calculate Ev and estimate the volume loss (E 1 >> E 2 ). Evaluation of the volume loss has specific interest in cell biology as it leads to changes in osmolarity, directly impacting cellular mechanisms. In the case of mouse embryonic cells for instance, an osmolarity shift of 5% can lead to modified growth and even cell death.
36
Bulk flow in the channel occurs due to evaporation at the bare port. As the volume of the spherical cap on it is negligible (typically 0.2 lL compared to 10 lL for the large drop) we can assume that liquid lost by evaporation is replaced by fluid from the generated flow Q. Hence, the flow rate is equal to the evaporation rate at the bare port.
Evaporation of drops has been extensively studied.
37-39
In the case of a hemispherical droplet, such as the large drop of a passive pumping channel, the evaporation rate, E 1 , scales with its radius and not its surface area (see ESI). ‡ The interface of the bare port, however, resembles more a disk at the microfluidic port of radius R w . In this case, the evaporation rate, E 2 , is described by eqn (1), 37 and the evaporation rate scales with the radius of the disk. We define D w , the diffusion coefficient of water vapor in air, q, the density of water and DC sat-i , the water vapor concentration difference between the air at the surface of the drop and the air far away from it:
40
(1)
The calculation of E 2 necessitates the knowledge of the water vapor concentration drop DC sat-i . The air close to liquid-air interfaces is saturated. The water vapor concentration of the air away from the drop is either directly measured or can be evaluated analytically, in the case of an inaccessible container. At equilibrium, the total evaporation rate from all drops is equal to the water vapor leak driven by diffusion out of the container. The humidity difference between the inside and outside of the container is defined as DC sat-e , and all drops have a radii R. As shown in a previous study, the magnitude of the leak depends on the geometry of the container which is characterized by a leakiness factor, f. 23 For instance, a loosely sealed container will have a large value of f and will equilibrate at a lower humidity level. However if many drops are present more evaporation sources contribute in increasing the humidity in the container. Thus, DC sat-i is written
The variation of volume and the flow rate for a passive pumping channel with a 10 lL large drop and 400 lm port radii at 25
• C are plotted in Fig. 2 . The variation of volume of the large drop is calculated for relative humidity (RH) levels varied from 10% to 100%. The flow rate is calculated as a function of the RH, and its validity was evaluated experimentally by placing a cap sealed with mineral oil on the large drop preventing evaporation (ESI). ‡ Volume loss is only possible through flow and evaporation at the exposed port. The time for total volume loss provides an estimate of the flow rate averaged over the total duration of the experiment. Note that Fig. 2B is valid only for small variations of volume, as the evaporation rate varies as the large drop recedes. Nevertheless, this example illustrates the importance of evaporation even over short time scales and the strong flows generated. For cell biology, the consequences on the culture conditions, beyond shear stress effects, 41 must be evaluated.
Competition of convection and diffusion
Presence of flow during cell culture can influence the ability of a cell to "sense" another (Fig. 3) .
42, 43 In other words, endogenous factors secreted by the cell can trigger specific behaviors in neighboring cells via diffusion.
34,44,45
A high level of convection may prevent a buildup of these proteins and change the global behavior of the cell colonies (Fig. 3) . 46 It is therefore important to evaluate the magnitude of this flow under different experimental conditions. The Peclet number gives an indication of the relative importance of diffusion or convection in a channel. The expression of the flow rate given by (1) can be used to write a Peclet number for this setup, with D p the diffusion constant of the particles of interest, L a characteristic length, L h , the height of the channel and L D , the width of the channel:
One difficulty in using dimensionless numbers is the choice of characteristic parameters. In this case two approaches are possible. A characteristic length L can be chosen, such as the mean distance between signaling cells if this is known. A low Peclet number (Pe = 0.1) signifies that cell-cell signaling for that protein is relatively undisturbed at the length scale L. By choosing the characteristic length being the height of the channel, a small Peclet number signifies that the protein can mix vertically in the channel. In these conditions, a protein may not diffuse upstream along the whole length of the channel, yet is likely to accumulate downstream.
Another approach consists of setting a threshold Peclet number, 1 for instance, and determining diffusive lengths, L, of a species. This diffusive length represents the upstream distance from a cell secreting a protein over which soluble signaling is theoretically achievable (Fig. 4) . Cells inside that radius can modify their behavior through paracrine signaling, while cells outside may not sense the presence of the secreting cell. In the case of a typical growth factor of molecular weight 10 kDa (D p = 10 −10 m 2 s −1 ), for a device placed at a relative humidity (RH) of 0%, the diffusive radius L is about 25 lm, versus 50 lm when RH = 50% and 250 lm when RH = 90%. These observations are consistent with simulations performed in COMSOL, in which a 20 lm cell secreting such a particle is modeled (Fig. 5) . The diffusive radius increases as the inverse of the humidity difference in eqn (3) . For values of humidity close to saturation, a variation of few percent in the relative humidity can change the diffusive radius by millimetres (Fig. 4) . This signifies that the distance for effective soluble factor signaling can vary from a fraction of the channel length to the entire channel with only a 1-5% change in RH.
Experimental observations
Experiments, detailed in the ESI, ‡ have been performed to emphasize the necessity of quantifying evaporative flow. A bolus of dyes of various diffusion coefficients have been injected in the middle of a PDMS channel 47, 48 to observe the displacement of the fronts (Fig. 6) . The ability of the dye to diffuse "upstream" provides evidence of diffusion dominating conditions, whereas little movement upstream suggests convection dominated conditions. Results are summarized in Table 1 and show good agreement with the calculated Peclet number eqn (3). Perhaps 0 Diffusion the most relevant observation is made for 10 kDa Dextran, which has a molecular weight in the range of many soluble signaling factors. Diffusion is dominant for no evaporation conditions, and convection becomes observable at 95% humidity.
Discussion
As we have shown, continuous evaporation will cause flows in the device. If only a single surface is present, Marangoni flows occur. However, in a device with two or more linked liquid-air interfaces, bulk fluid flow appears. For an experiment containing a particle with diffusion constant D, the criteria to assess when diffusion or convection dominates is given by the dimensionless Peclet number eqn (3). Fig. 4 illustrates the sensitivity of biological experiments in high humidity conditions, where several percent change can have a strong impact on the diffusive radius of a particle. This point is specifically important as humidity in an incubator varies locally from 90 to 100% depending on proximity to the door or the water tray for instance. To preserve autocrine and paracrine effects the presented device ( Fig. 1) should be operated at a minimum humidity of 95%. Under lower levels of humidity the critical proteins secreted by neighboring cells may be washed away by convection.
Convective flow rate scales with geometry. Velocities increase for smaller channel cross-sections at the same RH. Therefore, greater control of the atmosphere surrounding the liquid must be achieved as channel volumes decrease. Moreover, the diffusion rate of the particle of interest is important in determining the requirements for humidity control as it will be almost impossible to eliminate convective effects for large particles. Special care can be taken in designing the device, such as increasing the cross-sectional area, adding alternate paths for flow to reduce convection in the areas of interest, or reducing the evaporative surface at the port.
Finally, reducing convective flows can be simply and reliably achieved using a double container with sacrificial water to maximize the humidity around the drops of interest. Placing sacrificial water around the device allows raising humidity close to saturation. Still, leakage can cause persistent evaporation. Placing the container containing the channels and sacrificial water in a larger container containing sacrificial water reduces the effects of these leaks significantly.
Conclusion
As microfluidics enables increased throughput and functionality in cell biology studies, the necessity of evaluating the practical consequences of the technology become more important. In the case of tubeless approaches, evaporation is a particularly important parameter. Evaporation causes volume loss and consequently osmolarity changes. We have evaluated the magnitude of this phenomenon using the evaporation number Ev developed for droplet based assays containing sacrificial drops. of the flow as a function of the humidity conditions around the channel and its geometry. From this a modified Peclet number, Pe, was deduced allowing quantification of the relative dominance of convection or diffusion.
The analysis and experimental results suggest that both potential osmolarity variations and flow are not an obstacle, provided appropriate experimental precautions are taken. Proper experimental setup of the devices assures operation in an appropriate space defined by the evaporation number, Ev, and the Peclet number, Pe. Furthermore these analyses not only enable finding conditions for low volume loss and convection, but also assist in designing systems to leverage evaporative flows to advantage.
